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INVESTIGATION OF THE AERODYNAMIC CHARACTERISTICS OF A MODEL WING-PROPELLER
COMBINATION AND OF THE WING AND PROPELLER SEPARATELY

AT ANGLES OF ATTACK

By RICHARD E. KUHN and Jom

UP TO 90°t

W. DRAIWIE

SUMMARY

An invtxtigatwn of the aerodyrumniocharacienktiw of a
model wing-propelhr wmbinaiion, and of the wing and pro-
peller 8epara@ at angl.+xof alt.ackup to 90°, has been con-
ducted in the Langley 300 MPH 7- by 10+ot tunne+?. The
t.xts covered thrwt toe- corre.qxdi~ to free-stream
velocitiesfrom zeroforward speed to the nornud range of cruis-
ing speed8. The rwult8 indti i!hut incr~”~ the thrwt
coe~ient iweaws the angle of a.tiuckfor maximum lzjl and
greatly diminides the UMLUJreduction in lift abovethe angle of
atiad jor -“mum lijl.

Predicted characten%tiwof an mummed airplune designed
,for vertical take-o$ indicaie that partial w“ng 8tu-Uinguwu.?d
be enwuntered & certuin attiiwd.wW 8u.. power tom
auailablefor $ighi at any aititudk. The efea% of 81ipstream
on the variution of lifi-cume slope with thrwt we- for
thti model could be m.ti8factmi.@ wtimuted by means of a
modzfiisdform of a methodformuluid by Sm.eliand Daviw.
The variation of propeL?ernormal force u%% angle of &
compared favorably with cakda$d va.luw. An appreciable
direct pitchi~ moment was found to M on the propeller
itself a-t high anglw of @!uck. Tin% pitching moment wa
approm”m.aielydoubled when the propeller wax operated in
the prawnce of the w“ng and wrrwp& to a downward
movement of the e$w$ive C* of thrust of abmct%0 percent
oj the propelkr radius.

INTRODUCTION

Numerous schemca have been suggested in an effort to
design aircraft that would combine the take-off and landing
characteristics of a helicopter with the high-speed potential
of a conventional fixed-wing airplane. One of the proposed
ruwmgemenk involvw the we of large-diameter propellers
as lifting rotora for the take-off and landing conditions. The
cruising attitude is achieved by rotation of the wing-propeller
combination through approximately 90°, with the wing pro-
viding the lift rmd the propellers (acting as conventional
propellers) providing the thrust required for forward flight.

tSupemdes NAOA Technlad Nota33M byJobn W. Draper and Ekhnrd E. Knbn, 1!254.

.43587(+67-17

Results are presented of experimental data obtained with
a semispan wing immersed in the slipstream of two large-
diameter propellers, and a brief analysis of the application of
the data to aircraft combining flight characteristics of the
helicopter and conventional airplane. In addition, forces
and moments measured on the propeller, when combined
with the wing and when separated from the wing, are pre-
sented for an angkwf-attack range up to 90°.

.
SYMBOLS

With a wing operating in the slipstream of a propeller,
large forces and moments can be produced e= at very
small free-stmam velocitk In this condition, coefficients
based on the free-stream dynamic pressure approach iniinity
and therefore become mtiglw. It appears appropriate,
therefore, to base the cdicients on the dynamic pressure in
the propeWr slipstream. For the present imwtigation, the
codicients based on this principle are indicated by the use
of a double prime and are deiined in the list that follows.
The positive direction of forces, moments, and angles is
indicated in fjgure 1.

c. Ltit
lift coefficient, —

qs/2

~L,,

‘t coefficient’7s;2

cm,, Pitching moment
pitching-moment coefficient,

lfwy2
C..” pitching-moment coefficient of propeller,

.’

Propeller pitching moment
d’sz

AC.” increment of ‘total model pitching moment due to
propellers, calculated from the measured propeller
data,

( ).b..+(c=:’+c”:’%C.P”+- CNP” y

c~m” normal-force coefficient of propeller,
ProDeller normal force.
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2m(l
power coefficient, —pn3Ds

T
thrustcoe5cient, —im2D4

longitudinal-force coefficient,
kmgitudinal forc8

q“iS/2 —
m

twice span of semispan wing, ft; also, propeller blade
chord, ft

wing chord, ft
bl’

mean aerodynamic chord, ~ Jso C2dy, ft

propeller diameter, ft
diameter of the fully developed slipstream, ft
difimeter of slipstream at any point, ft
propeller blade thickness, ft

, (See appendix B.)

‘=J%
# ;

number of propellem
propeller rotational speed, rps

~nQ hppropeller shaft power, ~,

torque, f t-lb .
freestream dynamic pressure, ~ pV’, lb/sq ft

slipstream dynamic pressure, q<> lb/sq f t
:D’

propeller tip radius, ft
radius to propeller blade element
twice area of semispan wing, sq ft
shaft thrust, per propeller, lb
free-stream velocity, ft/sec
velocity at any point in slipstream, ft/sec
inc.remant of veloeity in fully developed slipstream

due to thrust, ftlsec
airplane weight,” lb”
longitudinal distance from propeller disk, ft
value of z terrnina ting.at Z/i
spanwise distance from wing root, ft
&gle of attack relative to &ee-s&eam velocity, deg
propeller blade angle, deg
propeller blade angle at 0.75 R, deg

rrll-7

propeller efficiency, &

Tv’
static thrust eiliciency,

rllOw &2
angle of inclination of slipstream veloci~, deg
multiplication factor for increase of lift due to slip-

stream
mass density of air, slugs/cu ft
angle of inclination of thrust axis wish respect to free

stream, deg
Subscripts:
o zero angle of attack

P propeller

APPARATUS AND METHODS

MODEL

A semispan wing model of a hypothetical four-engino
airplane was used in this investigation. The wing had w
aspect ratio of 4.55, a taper ratio of 0.714, and an NACA
00L5 airfoil section. A drawing of the model with pertimmt
dimensions is presented as figure 2 and n photograph of tho
model mounted for testing is shown as figure 3. The geo-
metric characteristics of the model are given in the following
table:

‘Wing:
hw~sc*an), sqft --------------------------- .5.125
Span (se@an), ft---------------------------- 3.416
Mwnaemdpatic chord, Z, ft------------------- 1.514
Root chord, ft_-_-_-. --_- _----” ----------------- 1.75
Tipchoti, ft---------------------------------- 1.25
Afiofiseotion --------------------------------- NACA 0016
&pectmtio ----------------------------------- 4.55

I Taper mtio ------------------------------------ u. 714

Propellem:
Diameter, ft----------------------------------- 20
Dkka~sq ft-------------------------------- 3.14
Nacdetiameter, ft---------------------------- 0.33
fitioti mtion --------------------------------- Chwk Y

The wing was constructed on a steel spar, which served
as the support for the two motor nacelles and for the mahog-
any blocks which form the wing eontour. The wing waa
also equipped with plain flaps that were locked and senled
in the neutral position for this investigation.

The geometric characteristic of the three-blade aluminum-
alloy propellers are given in figure 4. The propelhwa wore
driven by variable-frequency electric motors rated at 20
horsepower at 18,000 rpm. The motors were operated in
parallel from one variable-frequency power supply.

The propeller diameter was too large to permit use of the
high design rotational speed of the motors. During the
tests, the rotational speed seldom exceeded 6,000 rpm or n
propeller tip iMach number of 0.58. The speed of each
motor was determined by observing a stroboscopic type of
indicator, to which was fed the output frequency of a small
alternator connected to the motor shaft. Becmm both
motors were driven from a common power supply, their
speeds were usually matched within 10 rpm.

The motors were mounted inside aluminum-alloy nacelles
by means of strain-gage beams in order to meaaure the thrust,
torque, normal force, and pitching moment of the propeller
and spinner. A photograph of this installation is shown as
figure 5.

TESTS

The investigation was conducted in the Langley 300
MPH 7-by 10-foot tunnel. The tests were made at various
free-stream dynamic pressures and propeller thrusta so
selected aa to maintain a constant dynamic pressure of 8
pounds per square foot in the slipstream. Constant thrust
on the inboard propeller was maintained by varying the
motor speed throughout the angle-of-attack range of — 10°
to 90°. All data presented were obtained with the outboard
propeller rotating in a clockwise direction and the inboard
propeller rotating counterclockwise as viewed from behind
the propeller. Also, the thrust detwmined from u given
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thrust coefficient at a=OO was held constant throughout the
angle-of-attack range. The blade angle on the outboard
propeller was adjusted slightly (+ O.1° or less) so as to develop
the same thrust on this propeller as on the inboard propeller
at zero angle of attack. During the tests, the thrust on the
two propellers was matched within 0.25 pound for all condi-
tions except for angles of attack above 60° at a thrust
coefficient of 0.91. For higher angles of atkack, the thrust on
the outboard propeller exceeded that desired by as much m
4 pounds. The variations of thrust, dynamic pressure,
velocities, and propeller blade angle with thrust coefficient
(for each propeller) are tabulated as follows:

T,” ‘“bk 24 ““’ =+24
o 0
.’m

S2 L(3I
i’

L m
63

m

.m 1;:
.60 .894

8 6-2
20

.71 17.6
.W .707

.9
.91

m .!m .ma
8

:

2;
m

1,Ill
.C@ .Wm

8
8

m o 0 8

The Reynolds number in the slimtresm based on the mean
mrodynr&ic chord of 1.514 feet&s 0.8X 10°.

The normal force, pitching moment, thrust, and torque
wem measured for each propeller at a point of intersection of
the shaft center line and the blade axis. The pitching
moment, lift, and drag of the complete wing-propeller con-
figuration were measured at the quarter-chord point of the
mean aerodynamic chord of the wing. It is emphasized that
the wing-propeller data presented herein include the direct
propeller forces as well as the forces on the wing.

The propeller-alone tests were made by mounting the
propeller-nacelle assembly on a 3-inch-diameter sting, which
was supported from the tunnel ceiling by a 3-inch tubo
located 3 feet behind the propeller disk. The mounting waa
such that the propeller remained in the center of the tunnel
throughout the angle+f-attack range.

The static-thrust calibration of the propeller was made in a
large room (18 ft by 42 ft by 10 ft) in order to minimize wall
effects.

Commmorw

The data presented have been corrected in the following
mrmner. Approximate corrections for the eilect of the tunnel
walls on the veloci~ in the tunnel and in the slipstream were
derived and me presented in appendix A. The derivation is
bnsed on the simple momentum theory and assumea the
slipstream to be parallel to the free stream. For thie condi-
tion these corrections are small. The applicability of the
corrections thus derived for conditions approaching the static
thrust and for the high angles of attack maybe questionable;
however, deviations are m.sumed to be relatively small and
corrections to be fairly accurate for most of the test condi-
tions.

The jet-boundary corrections applied to the angle of
attack and longitudinal force were estimated by the method
of reference 1. For a given model size, these corrections
dopmd on the circulation about the wing; therefore, the
corrections for a particular angle of attack with slipstream
have been based on the lift of the wing at that angle of

attack without slipstream. The following relationships
were used:

a=a 1+0.5 + (CL)TC”.C
d

c.”= c.”~ ‘().0()8 + [(CL)TO’’.O]’
d

The correction to pitching-moment coeilicient was estimated
and found to be negligible.

Blockage corrections have not been rLpplied to the data.
Th~e corrections were estimated by the method of refer-
ence 2 and, with the exception of the wake blockage correc-
tion which would become appreciable at the higher angles
of attack, the blockage corrections were found to be small.
The data can be corrected for the effects of wake blockage
at the higher anglea of attack by a method derived from
referenm 2, which can be written in the notation of the
pre9ent report a9 follows:

REDUCTION OF DATA

The type of flight operation for which the data of this
investigation would be useful is one in which the wing-
prope.ller combination is rotated as a unit. An example of
this configuration is illustrated in figure 6. For this type
of operation, the forward speed may drop ti zero so that
force and moment coefficients based on the free-stream
velocity approach infinity and therefore become meaning-
less. For the condition in which the wing is largely immersed
in the slipstream of a propeller, the forces on the wing would
be expected to be largely determined by the dynamic pres-
sure in the slipstream. It appeam reasonable, therefore, to
base the coefficients on the dynamic pressure in the slipstream.

For this investigation, the dynamic pressure in the slip-
stream is assumed-to be related to the measured
the following momentum-theory equations:

thrustGy

‘=m,Avo=’2’(v+Y)Avo
where mr is the mass flow through the propeller and AVO is
the increment of slipstream velocity due to thrust at zero
angle of attack. R earranging term9 givw

2’0
~+-v(AVO)–—=

P:D2

Solving by the quadratic equation yields

This equation may be expressed in terms of the dynamic
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pressure as
Tq“o=*+-

; D’

The above relationships have been derived for the condi-
tion of zero angle of attack of the model. The dynamic
pressure in the slipstream would be expected to be a func-
tion of angle of attack; however, to include these effects
would needlessly complicate the prw.entation.

For the purpose of presenting coefficients, thelefore, the
dynamic pressure in the slipstream can be defined as

ti’=q+;. D’
4

and the thrust coefficient as

or

For convenience, some values of the most
VOb’iIIg T.” have been tabulated in table I.

(1)

(2)

(3)

(4)

used terms in-

RESULTS AND DISCUSSION

BASIC DATA

Propeller characteristics.-The efficiency curves for the
outboard propeller tested alone at various blade angles are
presented in figure 7. The maximum efficiency reached
(about 0.77) was obtained with a blade angle of 200, the
highest tested.

In order to minimize the time required, the operating con-
ditions were chosen so that only two propeller blade-angle
settings were required. A value of 13.n. of 8° was found to be
satisfactory for thrust coefficients of 0.91, 0.71, and 0.50 and
6.76. of 20° for a thrust coefficient of 0.20.

The choice of blade angle for use at zero forward speed
(vertical take-off or landing) cannot be made, however, on
the basis of the efficiencies presented in the curves of figure 7.
For this purpose, an efficiency factor based on the ability of
the propeller to produce static thrust must be used. The
static-thrust efficiency can be written in a manner analogous
{0 the figure of merit of rotols:

AVOT7

which can be reduced to
P

Wtt=

4I1OOP ;:D2

TABLE I

FUNCTIONS OF T.”

q7e*, 1–T,” Ji=m
——

0 1
.1 .K1
.2 .s0
.3 .ia
.4
.6 :E
.6 .40

.30
:: .m
.0 .10
.92 .03
.94 .03
.U3 .04
.B .02

1.0 0

1
.949
.s$4
.=7
. i74
.707
.532
.649
.447
.316
.2s3
.24a
.m
.141

0

Jim–l

o
-. 0s1
–. lW
–. 163
–. m
–. ‘m
–.363
–. 402
–. m
-. a
–. 717
–. 766
–. EWI
–. am

–1. m

l+Ji=m

2
1.949
1.SW
1.837
1.774
1.707
1.632
1.m
1.447
1.316
1.2s3
1.245
1.200
1.141
1.CKQ

—

!
l-m
——

0
.061
.100
.163
.220

:E3
.462
.6M
.0%
,717
.7b5
.Sal

1:%

The maximum static-thrust efficiency of 0.7 shown in figure
7 (diamond symbol) was obtained with a blade angle of 8°.
With the propeller disks overlapped, the static-thrust C&
cioncy was reduced to 0.65 as indicated in figure 8. A corre-
sponding reduction in etliciency at forward speeds is indi-
cated in figure S. This 10s9 in static-thrust efficiency with
the propeller disks overlapped does not necessarily meon
that overlapping is undesirable, however, because, for on
airplane of a given size and with FLgiven number of pro pcdlera,
overlapping permits the use of larger diameter propellers,
which can result in an increase in static thrust for a given
horsepower, even though the efficiency is reducecl somewhat
by overlapping.

The variations of the propeller thrust coefficient CT and
power coefficient CP with angle of attack are presented in
figure 9. It should be remembered when use is made of
these data that the thrust was held constant throughout the
angle-of-attack range and the rotntiomd speed and power
were allowed to decrense with increasing angle of attack. In
general, the data for the isolated propeller show somewhat
10WW values of 0. and CP than the data for tho propeller or
propellers operating in the presence of the wing. The biggest
differences, however, occur under conditions that ore not
likely to be of practical interest (high forward speed (T,’’=o.2)
at high anglw of attack). The corresponding variations of
Vcosa
— are presented in figure 10. The power required for a

d
constant thrust condition through the angle-of-attack range
is presented in figure 11. In general, the power decrensed as
the angle of attack increased.

The normrd-force and pitching-moment coefficients of Lhe
outboard propeller are presented in figure 12. Simih-w data
for the inboard propeller are not presented because of difE-
culties experienced with the instrumentation for the inboard
propeller that resulted in excessive scatter and large shifts
in the zero readingg. The general trend of the data, however,
was similar to that for the outboard propeller. The problems
of obtaining reliable data were considerably increased be-
cause the strain-gage beams, which measured the normal
force and pitching-moment loads, were also required to sup-
port the relatively heavy motor and carry the high thrust
and torque loads.

Also presented in figure 12 are the theoretical variations of
normal form obtained by the method of reference 3. The
theoretical variation of propeller normal force with angle of
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attack of reference 3 is intended to be applicable only at
angles of attack near zero. The additional factors which
contribute to the normal force at high angles of attack can-
not readily be included in the theoretical treatment. It is
intorcsting to note, however, that, for the configuration of
this investigation, calculations of the normal-force coailicient
using the q-factor (which accounts for the inflow to the pro-
peller) based on the component of thrust in the free-stream
direction rather than in the thrust direction, as assumed in
reference 3, show relatively good agreement with the meas-
ured data.

The operation of both propellem in the preaenm of the
wing is seen ahnost to double the pitching moment of the
outboard propeller as compared with that of the propeller
alone, This magnitude of increase cannot be attributed to
an increase in wing-induced upwash at the propeller disk,
because such an increase should produce corresponding in-
creases in propeller normal force. It is probable that these
increases in pitching moment are due to a change in the
velocity through the upper and lower portions of the propeller
disk (as referenced to the wing-chord plane). An increase in
velocity over the wing (upper part of the propeller disk)
would tend to decrease the thrust from “the top part of the
disk. Conversely, a decrease in velocity through the lower
half would increase the thrust of this part of the propeller;
thus an increase would occur in the nose-up pitching moment
of the propeller with incensing angle of attack.

The propellerpitchingmoment can be regarded as being due
to the fact that thrust of the propeller is applied at some dis-
tance from the center of ~tation. The effective radial lo-
cation of the thrust vector is presented in figure 13 and was
determined from the pitching-moment data of figure 12 by
the following relation

For the most extreme condition, the effective location of
the thrust vector is seen to move downward more than 20
percent of the propeller radius. (See sketch, fig. 13).

The signifkmce of these propeller pitching moments can
be judged from figure 14, which presents the total contribu-
tion of both propellers to the total model pitching moment.
Because the data on the inboard propeller was unreliable,
the data obtained for the outboard propeller was used for
both the inboard and the outboard propellers in the snmma-
tion represented by AC%”. The crdcuIated variation was
obtained by using the calculated values of normal-force
coefficients (fig. 12) and letting the pitching-moment co-
efficient be zero. It can be seen that the usual procedure of
basing the propeller contribution only on the propeller nor-
mal force accounts for less than half of the total contribution
for this configuration at these thrust coefficients. Additional
duta on the normal force and pitching moments of isolated
propellem axe presented in references 4 and 5.

The contributions of the spinner (when not rotating) to
the propeller normal force and pitching moment are presented
in figure 15.

Wmg oharaoteristics.-Figure 16 presents the variation
with angle of attack and thrust coefficient of the lift co-
efficient based on the dynamic pressure in the free stream.
Figure 17 (a) presents the same data based on the dynamic
pressure in the slipstream. The lift vmiation for a thrust
coefficient of 1.0 (dashed line of fig. 17) cannot be. presented
in figure 16 because, if the free-stream dynamic pressure were
used to obtain the coe5cient, the lift coefficient at all angles of
attack would be infinite. The disadvantage of bas~o the
coefficients on tlm free-stream dynamic pressure is thus
readily apparent.

I&creasing the thrust coefficient, with either ono propellor
(fig. 18) or two propellers (fig.. 17), results in an increase in
the angle of attack at which maximum lift is reached and a
more gradual variation of the lift with angle of attack above
maximum lift. It should be remembered that these results
are for constant thrust throughout the angle-of-attack range.
If the power were held constant as the angle of attack was
increased, the thrust would increase with angle of attack and
an even more gradual variation of lift above masimurn liit
would be indicated.

The data at TJ’=0 (iige. 17 and 18) were obtained with tho
propillem removed. Data are compared in figure 19 for
conditions of propeller removed, of zero thrust with the pro-
peller on, and of propeller windmilling. Removing the pro-
peller results inn small reduction in lift in the region of maxi-
mum lift. As wouId be expected from the propellor data
discussed previously, removing the propellers appreciably
decreases the unstable variation of pitching moment with
angle of attack at the low angles of attack. These effects
should be kept in mind when the propellwoff pitching-
moment data of tigures 17 and 18 are used.

The data of figure 20 indicate, as might be expcctod, that
the nacelles disturb the flow over the wing so that the wing
with nacelles stalls at a lower angle of attack and lower lift
coefficient than the wing alone. As would be espected, the
nacelles also cause a marked decrease in tho static longi-

(

acre”

)
tud.imd stability increase in ~ below the stall.

The destabilizing eflects of the propellers and nacelles at
zero angle of attack are summarized in figure 21. These
data show that, near zero angle of attack, there is only a small

acre”
variation of stability, as indicated by the curve of —

a CLI’
against thrust coefficient.

Estimation of the lift-curve slope,—Reference 6 prescmts
relationships for estimating the increase of lift due to a
slipstream flowing over the wing. Rearranging the relation-
ship to provide an expression for the lift+mrve slope of the
wing with slipstream and using the notation of the present
report gives the following equation:

acL”_ bcL
au ()ZkY =c,,=~ {

(1–T:’) 1+$ (+1)

F-0-6(*)((ac&]T,J.‘5)
For the present configuration, A can be taken as 1.0 (ref. 6),
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()~-l is obtained from equation (B5) of appendix B,

~=~ is obtained from equation (B7) of appendix B, and
a+

( )(0.6 ~
1

)57.3 (ac~a+c.t-O
=1

Tlm lift-curve slope crm be expressed as

acLff ac~

() [ ~(:~=)’l+ml.
—= ~ , ,,mo(l–z”) l+—

aa
0

(6)

where dl can be obtained from equation (B4) of appendix B.
Calculation of the lift-curve slope by this equation uuder-
estinmtes the measured Iift.curve slope (fig. 22).

If it is assumed that the inclination of the slipstream is

()
e

zero ~= O , equation (5) reduces to

(7)

nnd much better agreement with the experimental data is
obtained (fig. 22). This equntion, in effect, k based on the
resumption that the circulation around the wing is nn-
chrmgcd by the presence of the slipstream and the increase
in lift is directly proportional to the increase in velocity
acre= the circulation.

If it is further assumed that the wing is far enough behind
the propeller so that, the full slipstream velocity is developed
(K= 1) and that the wing is fully imme~ed in the slipstream
d,c

()
~=1 >the equation reduces to the simple form

(8)

According to equation 7, the fact that the lift-curve slope
obtained for the configuration with two propellers is higher
than that obtained for the configuration with one propeller
is primarily due to the grenter percentage of wing area that
is immersed in the slipstream.

PERFORMANCE IX3TIMAT=

The procedure outlined in appendix C was used to esti-
nmta the performance of a hypothetical four-propeller air-
plane as it traversed the regime of flight represented in
figure 6. The hypothetical airplane was assumed to have
linenr dimensions 6 times those of the model. Calculations
were made for standard sea-level conditions, and the fuselage
and other parts of the airplane not represented by the model
were assumed to have a drag coefficient of 0.01.

The variation of the thrust coefficient required and the
forward velocity reached in constant-altitude transition, as
the wing attitude is lowered from 90° for take-off to conven-
tional fight attitude, is shown in figure 23. The corre-
sponding variation of thrust power required with forward
velocity for an assumed wing loading of 40 pounds per square
foot is shown in figure 24. The thrust power required is seen
to decrease quite rapidly in the low speed range. The mini-
mum thrust power required occum in the normal flight
rango at a speed of ] 60 mph and a wing attitude of 8.5°. It

will be noted that (with the assumption that 71=0.75 ~t
high speed and q“= 0.65 for static-thrust take-off), if this
airplane were designed for a high speed of the order of 360
to 400 mph, sufhcient power would be available for vertical
tdre-off with the 12-foot-diameter propellers represented by
the ones used on this model.

The untrimmed pitching moment and corresponding effcc-
ac f’

tive aerodynamic-center location, as indicated by @ for

the conditions of this analysis, are indicated in figu_% 26.
No allowance for the effects of trimmm“ g these moments was
made in thk analysis. These data are based on the assump-
tion that the center of gravity of the airplane is locutcd d
the pivot axis of the wing and that this axis is locatod at tho
quarter-chord point of the mean aerodynamic chorcl. l?ig-
ure 25 (c) indicates that a more forward location of the pivo L
axis would be desirable in reducing the out-of-trim momonts.
Figure 25 (a) indicates that, for the present configumtion, a
full-span, 30-percent-chord trailing-edge flap (ref. 7) would
be ineffective in balancing the airplane. The complote loss
in effectiveness in the angle+ f-attack range from 56° to 770
indicates that the wing is partially stalled in this anglo-of-
attack range. Results of an unpublished investigation indi-
cate that, with the propellers placed much closer to tho
wing, this reduction in control effectiveness may be grootly
reduced.

CONCLUSIONS
An investigation of the aerodynamic characteristics of IL

wing-propeller combination and of the wing and propeller
separately at angles of attack up ti 900 indicates the follow-
ing conclusions:

1. Increasing the thrust coefficient increased the angle of
attack for maximum lift coefEcient and greatly clirninishecl
the reduction of lift coefficient above the angle of attack for
mtium lift. AnaIysis of the operation of n hypothetiud
airplane designed for vertical take-off indicatrd that partied
wing stalling probably would be encountered in certnin
flight attitudes but sntlicient power would be available for
flights at any attitude.

2. The etlects of slipstream on the variation of the lift-
curve slope with thrust coefficient would be satisfwt oril.v
estimated for this model by means of a modified form of n
method formulated by Smelt and Davies.

3. The variation of propeller normal force with angle of
attack compared favorably with calculated vnlues. Them
was also an appreciable direct pitching moment on tlm pro-
peller itself. This pitching moment vms appro.xinmtely
doubled when the propeller was operated in the presence of
the wing and corresponded to a downward movement of tho
effective center of thrust of approximately 20 percmt of Lho
propeIIer radius.

4. Calculations for a hypothetical airplane, with a wing
loading of 40 pounds per square foot and the relationship
of the total propeller disk area to wing area represented by
this model, indicate that airplanes designed for a high speed
range of 350 to 400 mph will have sticient power ovoilablo
for vertid takedf.

LANGLEY AERONAUTICAL LABORATORY,
NATIONAL ADVISORY COMMITTEE FOR AERON.IUTICS,

LANGLEY FIELD, VA., Augzuf 13, 1964.



APPENDIX A

TUNNEL-WALL CORRECTIONS

In order to correct the wind-tunnel data for tunnel-wall
effects the following relations for velocities were obtained in
a manner similar to that presented in reference 8. The
symbols that are used in this appendix and which have not
been defined previously are defined as follows:

A propeller disk area, :P, Sq ft

c tunnel cross-sectional area, sq ft
s slipstream cross-seetional area, sq ft

P static pressure lb/sq ft
v local velocity, ft/sec
I’, ratio of free-stream velocity to slipstream velocity,

v.

E
Subscripts:
o far ahead of propeller disk
1 in tunnel at propeller disk but outside of slipstream
2 in tunnel far behind propeller disk but outside of

slipstream
3 in slipstream far behind propeller disk
4 immediately behind propeller disk
6 immediately ahead of propeller disk
x at any station

The following sketch shows the relative location of the sta-
tions at which the velocities, pressures, and areas used in the
following equations were obtained:

Tutml walls
, ,

-+-~=-+---
\
“Wrop#ler disk P3 ‘ P~

The relationships of pressure and velocity as determbd by
Bernoulli’s equation for a station in front of the propeller,
behind the propeller disk, and outside the slipstream tube
are as follows:.
Ahead of propeller:

Pc+PV02=P6+ PV: (Al)

Behind propeller:

P+ Pw=lb+ PV32 (.A2)

Outside of propeller:

PC+PVO’=M+ PVZ2 (A3)

ilso, assume

l%=% (A4)

Solving for ~ PV4Sin equations (Al) and (M) and equating

$Ves

PO—P6< Pvo~=P3—P4+; PV32 (A5)

ho,

+=$p4–P6– (A6)

3olving for p4—p5in equation (A5) and substitution in equa-
Lion (A6) gives

;=P3–P04 PV3+PV$ (A7)

and, from equations (M) and (A4),

P3—PO+ Pvo==+ pv~ (As)

Then, horn equations (A7) and (As),

By definition,

and from equation

T_p
~–g (v*’-v,?

T;f— T
f!Av32
2

(A9)

()T:f=~_ ‘~ ‘v,
From the continuity that AV=A=VZ,
area of the slipstream can be obtained;

(A9)

(A1O)

(All)

the cross+ectional
thus

V06’= V,(C–A) + V4A= V,(c–s) +ViS

Voc=v,c– VA- Vss

~=c WO–V2)

W3–V2)
(A12)

Solution for the thrust from the equations for axial momen-
tum is obtained by the use of the following equations:

I’=sPV3(V3– Vo) – (C–S)PV,(VO–V2) +C’(P2-PO) (A13)

substituting for (p2-po) from equation (A3) gives

T=L7pV3(V3-Vo)– (C–S)(PV,)(VO-VJ+O; (VO’-V29 (A14)

Substituting for s from equation (A12) into equation (A14)
253
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and solving for V. gives

d
Vo=(v,+v,)+ v:–: (Ai5)

pA (Vaa—Vs~ from equation (A9) into equa-Substitute T=3

tion (A15) to obtain

v ‘A?
V,=(v,+v,)+- v, ~ W3 –Va

But, from equation (All), Vs=&,J so that substitutingo
into equation (A16) and using the minus sign gives

(A17)

Also,

(VO=V3 l+~m—
J1+T”) ‘A18)

A simpli.tlcntion can be tiected by assuming that

vo=v&K,

Then,

K,
‘o=v’ ,1~

where

dK,=l+J~— 1—$ T:’ (A19)

The equations for slipstre~ area and velocities are then as

follows :

4 A
1– l–OTJ’8=(7

l—~m
(AzI))

From equation (A17)

V,=(J1–T/’) ~ (A21)

From” equation (A18)

v3=g (A~2)

I From continuity, Vd=V3s so that, with equations (A20)
and (A22),

m=(~)(g)(?’!j
Since, from continuity,

VOC=VA+V,(C–A)

equation (A23) can be used to obtain

Vl=d%$-sl
–A

APPENDIX B

SLIPSTREAM CHARACTERISTICS

The following relationships concerning the character of
the slipstream are helpful in analyzing the effects of slip-
stream on the aerodynamic characteristics of figs.

Diameter of the slipstream at any TO” and any distance
behind the propeller.-Reference 6 gives a relation for the
velocity at any point in the slipstream as

“=vw+fi%)’v+:(l+m“1)
where V/ is the velocity at distance z from the propeller
diik. If the mass flow in the slipstream is assumed to be
constant, then,

Wv++?=+v’
,2=U(+?)=D21+%

1 v’
(B2)

1*J (l+K)

where dl is the diameter of the slipstream at distance z

(ii23)

(Ji24)

from the propeller disk and

K=

(m)

x/D

;+g’

From equation (4) of the main body of this report,

Equation (B3) can be substituted into
the result simplified to obtain

(B3)

equation (B2) nnd

(B4)

Also, from equations (B1) and (B3),

Inclination of the slipstream,-l?rorn reference 6 the follow-
ing relationship for the inclination of the slipstream to tb o
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free stream at small anglea of attack can be obtained. I From equations (B3) and (B6) .

e_l—Jm
(B7)

e=~

T—1+3-

(336)
1+&v

where @ is the inclination of the thrust ti and e is the
inclination of the slipstream at the propeller disk.

APPENDIX c
PERFORMANCE CALCULATIONS

Calculation of the performance by use of coedicients
based on the dynamic pressure in the slipstream required
some modification of conventional procedures. The thrust
coefficient required for steady level flight at a particular
attitude can be obtained by cross plotting the longitudinal
force to determine the thrust coefficient for zero longitudinal
force. Similar cross plots of lift cceflicient can be used to
determine the lift coefficient available at this thrust coei3i-
cient, The forward speed corresponding to this thrust
coefficient and lift coefficient is calculated by the following
equation

The total thrust at this thrust coefficient is given by

(cl)

(C2)

The thrust horsepower required for steady level flight
cm be calculated from momentum relations from the fol-
lowing basic equation:

..- AV

(C3)

where the first term represents the power required to over-
come the drag rmd the second term represents the power in
the slipstream. In the speed range of conventional airplanes
the second term is negligible and cos a is approximately
unity. The power required equation then reduces to the
conventional

X7~TT
Lv-1 v

thprequir.d— ~50
——

The increment of velocity in each slipstream due to thrust
A17 can be obtained ~m the momen~ r~ation

( 7T=mPAV=p ~ D’ V cns.a+~ AV

where mP is the mass flow through the propeller and

(C4)

For vertical take-off and landing, V is zero and the power
required (eq. (C3)) reduces to

For intermediate flight conditions at low speed, the power
required (eq. (C3)) can be expressed as

which can be expressed in terms of the thrust coefficient as

‘+’sa+- ‘C7)thp.-=w
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FIGURE18.—Effect of thrust coefficient on aerodynamfo oharactetilm of model with inboard propeller only.
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FIc?mm 23.-Variation with angle of attmk of thrust coefficient
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